In many areas of the United States, the population density of white-tailed deer 89 (Odocoileus virginianus) has dramatically increased over the past century to levels significantly 90 greater than pre-settlement estimates (Horsley et al. 2003; McCabe and McCabe 1997; Porter et 91 al. 1994) . Deer display browse preferences among forest plant species, largely based on plant 92 chemical defenses and nutrient content (Augustine and McNaughton 1998; Berteaux et al. 1998; 93 Dostaler et al. 2011; Whitney 1984) . Prolonged and selective overbrowsing by deer has strong 94 impacts on population and community level processes, including reducing recruitment, 95 diminishing sizes, and shifting communities towards dominance by a small subset species that 96 are browse-tolerant, browse resistant or both (Coté et al. 2004; Goetsch et al. 2011; Horsley et al. 97 2003; Rooney and Waller 2003; Waller 2014) . In addition, in some cases, decades of 98 overbrowsing can cause dramatic increases in browse tolerant species that can spread to form 99 dense and recalcitrant understory layers (Royo and Carson 2006; Young and Peffer 2010) . 100
These recalcitrant layers are often inimical to the recovery of vulnerable species even when 101 browsing intensity is reduced or eliminated entirely (Royo and Carson 2006; Royo and Carson 102 2008) . Consequently, under heavy browsing pressure, tolerant or resistant species will spread 103 while palatable or preferred species will become uncommon and sparsely distributed across the 104 landscape (for reviews, see Carson et al. 2014; Waller 2014) 105 Forest herbaceous species are especially sensitive to over-browsing by deer because they 106 cannot reach a size refuge from browsers, as trees can. Thus they are often subjected to repeated 107 bouts of browsing throughout their lifespans, which can severely reduce plant fecundity (Russell 108 et al. 2001) . Furthermore, strong herbivore pressures can severely limit sexual reproduction Long lag times in recovery are especially likely for many of these now low-density herbs due to 118 short dispersal distances, slow rates of growth and reproduction, as well as low genetic diversity, 119
Allee effects, and increased susceptibility to stochasticity (particularly physical disturbances, 120 e.g., Chips et al. 2014 ). Moreover, their former habitats may now be occupied by a dense and 121 recalcitrant layer of browse tolerant species. 122
Overall, the legacy of deer overabundance or ghost of herbivory past (Banta et al. 123 2005) is likely to delay biodiversity recovery for decades or prevent recovery at all because 124 browsing may have created an alternative stable state (Banta et al. 2005; Carson et al. 2014; 125 Frerker et al. 2014; Royo et al. 2010b; Stromayer and Warren 1997; Tanentzap et al. 2009 ). In 126 fact, the few studies to date of sufficient duration to evaluate the length of legacy effects strongly 127 suggest that recovery will take decades, particularly for herbs and shrubs (Royo et al. 2010b; 128 Tanentzap et al. 2009 ). Here, we ask to what degree does excluding deer via exclosures lead to 129 understory recovery within a mature beech-maple forest over 11 years, in terms of plant density, 130 species richness, species diversity, and plant species composition. We predict that long-term 131 deer exclosures will act as refugia for preferred browse wildflower species, increasing the 132 frequency of browse-susceptible understory species and overall diversity over time, relative to 133 D r a f t areas that experience continual deer browse. However, we predict considerable lag times before 134 communities can recover from decades of intense herbivory. 135
136

Materials and methods 137
Site and deer densities: We conducted this experiment in Tryon-Weber Woods in 138
Crawford County, northwestern Pennsylvania, USA (latitude 41°36'N and longitude 80°21'W) . 139
This site is within a mesic temperate zone, with yearly rainfall averaging 103 cm and total 140 snowfall averages 165 cm (Linesville, PA weather station). This mature 10-ha beech-maple 141 forest is at least 100 years old and is stewarded by the University of Pittsburgh's Pymatuning 142
Laboratory of Ecology (please see Long et al. 2007 for forest structure details). This forest is 143 partially surrounded by younger secondary forest and exists within a landscape of forest 144 fragments, old-fields, and agriculture (Chips et al. 2014; Long et al. 2007 ). Although white-tailed 145 deer were nearly extirpated in western Pennsylvania in the late 1800s, deer were reintroduced 146 and grew to large population densities by 1940 and have remained high (Heckel et al. 2010; 147 Smith 1989; Whitney 1984) . Deer densities in Crawford County from 1996-1999 averaged ~14 148 deer/km 2 but summer densities were likely much higher (e.g., 29 deer/km 2 , Wallingford 2000). 149
In this region, densities greater than 8 deer/km 2 cause woody and herbaceous species declines 150 (Horsley et al. 2003) . 151
Herbivore exclusion and plant sampling: Within Tryon-Weber Woods, twelve paired 152 plots, measuring 20m x 20m, were marked out in haphazard locations in March of 1996 (see 153 Chips et al. 2014; Long et al. 2007 ). Three meters separated paired plots, and treatment 154 (herbivore exclosure or control) was assigned randomly between plot pairs. Exclosure plots had 155 2.4m tall fences with 5cm x 10cm mesh constructed along their perimeter to exclude large 156 D r a f t herbivores. Within each plot, we established a 15m x 15m inner plot, subdivided into 9 subplots, 157 leaving a 2.5m buffer around each inner plot. No major canopy gaps occurred across these plots 158 for the duration of the study. In late May or early June of 1997 June of , 1998 June of , 1999 June of , 2001 June of , and 2007 visually estimated the cover of each forb species using area templates of known size (e.g., 1%, 160 5%, etc.) in either 6 (randomly selected) or all 9 subplots within each large plot. Because visual 161 cover estimates can vary among observers among years, we also quantified stem densities in 162 2001 and 2007. We used these data to calculate relative abundance (species cover/total cover), 163 plant density, species richness, Shannon diversity index (as measured by cover and density) and 164 community dissimilarity. We also grouped for analysis four species known to be preferred by 165 
where Xij is the abundance of the ith species in treatment j and X ik is the abundance of 188 the ith species in treatment k (Krebs 1989). Additionally, we repeated the analysis with the Horn 189 and Jaccard dissimilarity index to account for any abundance or sample size bias (Krebs 1989) . Table 1 ). Species richness also increased over time both inside the exclosures and in control 198 plots ( Figure 1A , Table 1 ). 199 Shannon diversity. Excluding browsers did not cause a significant increase in Shannon 200 diversity ( Figure 1B , Table 1 ) but it did increase over time when using both cover and stem 201 densities as abundance metrics (p=0.0233, p <0.0001, respectively Figure 1B , Table 1 ). It is 202 important to point out that there was no significant exclosure by time interaction, thus even after 203 D r a f t 11 years there was no significant increase in Shannon diversity inside the exclosures ( Figure 1B , 204 Table 1) . 205
Plant cover and density. Because absolute cover data exhibited substantial year-to-year 206 variability, we used our cover data only to look at patterns of relative abundance and community 207 composition using dissimilarity indices (see below). Cover estimates likely varied because of 208 observer bias among years or timing of sampling relative to the onset of warming during each 209 spring among years. 210
Five years after the exclosures were built, excluding browsers had not caused an increase 211 in total plant density or the density of preferred species ( Figure 2A ,B, Table 1 ). However, during 212 the next 6 years, excluding browsers caused substantial increases in plant density and nearly all 213 of this (83%) was accounted for by an increase in the density of preferred species ( Figure 2A ,B 214 Table 1 ). It is important to note that total density and in particular preferred density also 215 increased significantly over time in control plots but increased most dramatically inside 216 exclosures (exclosure x time interaction for preferred species, Figure 2A ,B Table 1) . 217
Podophyllum peltatum, a species that deer never consume, was 2.5 times more dense in control 218 plots (p = 0.0291, Figure 2C , Table 1 Here, we demonstrate that excluding deer for 11 years did not lead to a significant recovery of 234 biodiversity in terms of species richness or species diversity ( Figure 1 , Table 2 ). While species 235 richness did increase significantly inside the exclosures, this increase was modest. We did, 236
however, see a 4-fold increase in the combined density of four preferred species, which were 237 present in the understory at the start of the experiment ( Figure 2B ). Our results demonstrate that 238 preferred species, if they are present, will increase following the exclusion of deer but even these 239 preferred species showed no increase in density during the first five years of deer exclusion. 240
Overall, substantial diversity recovery will likely take much longer than the 11-year duration of 241 this experiment, especially under low light regimes of mature forest (Anderson et al. 1969) . Our 242 data, coupled with a few other studies (Royo et al. 2010b; Tanentzap et al. 2011; Tanentzap et al. 243 2009) suggest that even if deer are reduced to zero (excluded) or near zero, lag times in 244 biodiversity recovery will last at least a decade and likely much longer. One bright spot is that 245 species composition inside the fences began to diverge from control plots after 5 years ( Table 2 ) 246 suggesting that some recovery had begun. 247
We were only able to classify 4 species of over 50 as being preferred by deer (c.f. Vankat 248 and Snyder 1991). This is not surprising since deer have been over-abundant in the region for 249 D r a f t well over 50 years (Horsley et al. 2003) and depauperate understories are common throughout 250 the eastern deciduous forest (reviewed by Waller 2014) and, in particular, in Pennsylvania 251 (Carson et al. 2014 ). Thus, it was no surprise that Podophyllum peltatum, which is defended by 252 potent lignans and glycosides (Cassidy et al. 1982) was the dominant understory species in 253 control plots (Figure 3) , and it increased in total density during the study ( Figure 2C ). It is now 254 well known that overbrowsing can lead to an increase in the abundance of resistant or tolerant 255 species and in some cases the formation of dense recalcitrant understory layers that are inimical 256 to biodiversity recovery (Carson et al. 2014; Royo and Carson 2006; Waller 2014; Young and 257 Peffer 2010). Indeed, Carson et al. (2014) demonstrated that even a stand replacement 258 disturbance or canopy gaps will cause few changes in understory diversity or abundance because 259 these disturbances occur over a depauperate understory created by nearly a century of 260 overbrowsing. In contrast, when deer are closer to historical levels, they can promote 261 herbaceous diversity following disturbance by acting as keystone species via reducing the 262 abundance of fast growing woody pioneers (Royo et al. 2010a) . 263
One curious feature of our results is that plant species richness, diversity, and density 264 increased over time after 2000 in the control plots as well as inside exclosures (Figures 1 and 2) . consistently under 1 deer/km 2 for decades (ODNR 1996) . This was true even though our 284 vegetation surveys cover ~13 times the area sampled by Vankat and Snyder (1991) . 285
The next step in understanding legacy effects is to further quantify the severity of these 286 effects in regions both within the Eastern Deciduous Forest biome and biomes elsewhere (e.g., 287
Wright et al. 2012). Perhaps, however, it is more important to parse out the myriad of potential 288 causes that underlie long lag times in biodiversity and community recovery. Understory species 289 face sparse distributions, slow growth rates, low fecundity, limited dispersal, and Allee effects 290 (Bierzychudek 1982; Handel et al. 1981; Matlack 1994 (1997, 455 1998, 1999, 2001, 2007) The herbivore resistant Podophyllum peltatum density increased over time (p = 0.0002) but ore 500 substantially in control plots (p = 0.0291). Relevant statistics presented in Table 1 . 501 502 1997, 1998, 1999, 2001, and 2007 . For breviety and possible identification issues, we have combined data for species in the Actaea, Discorea, Galium, and Viola genera. 
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